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Abstract
This paper discusses on-going efforts towards reliable lifetime measurements on epilayers and the subsequent 
decoupling of the bulk and surface recombination components, both while it is still attached to the p+ substrate on 
which it is grown and after its detachment from the substrate . For the 
photoconductance decay (μ-PCD) and simulation-assisted photoluminescence (sim-
PL) were applied together with a variation in the epilayer thickness to evaluate the bulk lifetime ( bulk) and total
effective surface recombination velocity (Stot) of p-type epilayers. By applying linear fits to reciprocal effective
lifetime versus reciprocal epilayer thickness data, Stot of all samples were reliably extracted, resulting in Stot of ~265 
cm/s in the absence of porous silicon at the epilayer/substrate interface compared to ~9220 cm/s when present and 
~775 cm/s when shielded by a thin back surface field. Based on these Stot values, sim-PL was used to estimate bulk to
be ~160 μs in the porous silicon area. For the n-type quasi-steady state photoconductance
(QSSPC) was used. However, reliable bulk could not be extracted, despite the lower Stot because bulk was too high. 
However, a lower limit to bulk was estimated to be >138 μs. Such high bulk lifetimes imply bulk diffusion lengths
that are an order of magnitude longer than the epilayer thicknesses, potentially leading to high cell efficiencies.
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1. Silicon solar cells grown by epitaxy 
Silicon solar cells where the entire active layer is grown epitaxially using chemical vapour deposition 
come in two flavours. The first is the wafer-equivalent epitaxial solar cell  where the epitaxial 
layer  is still attached to the p+ substrate on which it is grown [1]. The second is the layer 
transferred solar cell where the epilayer is detached from the p+  a 
solar cell using cell concepts such as the PERC [2] or i-module [3] approaches. 
 
 
Fig. 1. (a) Schematic diagram (not drawn to scale) depicting the cross-sectional view of a lifetime sample where an epilayer (20-50 
μm thick), grown on top of an embedded porous silicon layer, remains attached attached to a p+ substrate. The front surface is 
passivated with aluminium oxide; (b) a cross-sectional scanning electron microscopy (XSEM) image showing the microstructure of 
the porous silicon corresponding to (a); (c) schematic diagram (not drawn to scale) depicting the cross-sectional view of a lifetime 
sample where an epilayer (20-50 μm thick), grown on top of a porous silicon bilayer of two different porosities, is detached from the 
p+ substrate. The high porosity layer acts as the detachment plane. Prior to detachment, the epilayer is passivated with amorphous 
silicon (a-Si) and bonded to a quartz carrier using a transparent glue for ease of handling. After detachment, the residual low 
porosity layer is removed and the surface is passivated with a-Si; (d) a XSEM image corresponding to (c). 
In both cases, before epitaxial growth, a layer of porous silicon is etched onto the p+ substrate and 
sintered at a high temperature (1130oC) to reorganise the columnar pores into large cavities so that the 
surface of the substrate is closed and amenable for epitaxial growth. In the case of epicells, this porous 
silicon layer consists of alternating layers of different porosities that act as a rear-side Bragg reflector for 
attached epilayer
p+ Si 
substrate
Al2O3 passivation
500 nm
attached epilayer
p+ Si 
substrate
p+ Si substrate
(reusable)
detached epilayer
quartz carrier
a-Si passivation
transparent 
glue
500 nm
low porosity 
porous silicon 
template
detachable epilayer
p+ Si 
substrate
Porous silicon           
(without detachment layer)
Porous silicon 
high porosity 
detachment layer
(a) (b)
(c) (d)
952   Hariharsudan Sivaramakrishnan Radhakrishnan et al. /  Energy Procedia  38 ( 2013 )  950 – 958 
infrared photons [4], and also as a gettering layer [5] to prevent metal impurities in the substrate (in this 
case, a low cost, low purity substrate) from diffusing into the epilayer and contaminating it. In the case of 
epifoil-based layer-transferred solar cells, the porous silicon is bilayered in structure, consisting of a low 
porosity layer on top of a high porosity layer. After thermal annealing, the high porosity layer reorganises 
into an extended void that acts as a mechanically weak plane allowing the detachment of the epilayer from 
the substrate, which can then be reused. The low porosity layer on top acts as a template for the epitaxial 
growth. These differences are clearly depicted in Fig. 1(b) and (d). 
As with all solar cell concepts, minority carrier lifetime is an important figure of merit to bench mark 
the quality of an epilayer, based on which the necessary process improvements can be identified and 
directed in order to produce highly-efficient solar cells. It is therefore important to be able to measure 
lifetime of epilayers both when they are attached to the p+ substrate and detached from it. The former is 
relevant not only in the concept of epicells, but also important in monitoring the epilayer quality at an 
early stage for the epifoils-based layer-transferred solar cells. Moreover, a comparison of the epilayer 
lifetime before and after detachment would yield information on the effect of the detachment process on 
the quality of the epilayer. The two structures investigated in this work are shown in Fig. 1 (a) and (c).  
2. Experimental method and theory 
2.1. Challenges for measurement of lifetime in thin epilayers 
Measuring carrier lifetime in epilayers both when attached to the substrate and when detached from it 
has several challenging practical constraints, as summarised in Table 1. These constraints affect not only 
the methods applicable for measuring lifetime in epilayers but also the sample preparation itself. 
For attached epilayers, one of the main constraints is the presence of the p+ substrate which will 
influence the lifetime measurement depending on the technique. For instance, the commonly-used quasi-
steady state photoconductance (QSSPC) technique cannot be used in this case. This limits the applicable 
techniques to those that are sensitive to the first tens of microns of the epilayers and those that have 
provisions for both optical excitation and measurement from the front side. Thus, microwave 
photoconductance decay (μ-PCD) [6] and simulation-assisted photoluminescence (sim-PL) [7], [8] are 
used in this work. Furthermore, the rear side of the epilayer is the interface between the epilayer and the 
substrate which is not accessible for passivation. Therefore, the interface recombination velocity could be 
rather high, especially when the only protection from the highly recombinative porous silicon surfaces is 
an epitaxially-grown back surface field (BSF). This exasperates the problem of distinguishing the 
contribution of bulk recombination from surface recombination to the measured lifetime. 
Table 1. Practical constraints and the applicable methods for lifetime measurements in epilayers 
Epilayer type Constraints Applicable methods 
Attached to p+ 
substrate 
Heavily-doped substrate can influence measurement 
Epilayer/substrate interface is not accessible for passivation and so the 
interface recombination at that interface is high and unknown 
μ-PCD, sim-PL 
Detached from p+ 
substrate 
Free-standing epifoils are fragile for handling 
Residual reorganised low porosity layer must be removed after detachment 
without damaging the epifoil or its passivation 
QSSPC, μ-PCD, PL, 
microwave phase shift 
(MWPS), etc. 
 
On the other hand, for epilayers that are detachable from the substrate by means of the high porosity 
layer, most of the lifetime measurements techniques such as QSSPC, μ-PCD and PL can be used. 
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However, the first challenge is in the handling of these very fragile 20-50 μm thick epitaxial foils. It is 
clear that there are no tools readily available for handling such thin epifoils in a free-standing way. Thus, 
before detachment, the wafer is bonded to a quartz carrier using a transparent glue and then detached from 
the parent silicon substrate. In this way, these fragile epifoils are mechanically supported by a robust 
carrier throughout the processing and measurement sequence. The second challenge is the removal of 
residual porous silicon that remains attached to the rear-side of the epifoil after detachment using an 
appropriate etchant. The composition of the wet etchant must be well-chosen such that the rear surface is 
amenable for good passivation after the porous silicon removal. 
2.2. Sample preparation and measurement 
As explained above, two sets of samples were made such that in one set, the epilayers will remain 
(c)). 
For both sets, porous silicon is electrochemically-etched into the top surface of a mirror-polished, 
Czochralski p+ (B-doped, 1019 cm-3) substrate. While the detachable epifoils have a high porosity 
 do not. During a high temperature bake at 1130oC, the 
etched pores coalesce into large enclosed voids, resulting in a smooth top surface amenable for high 
quality epitaxial growth. -type, B-doped, 1016 cm-3 epilayers were grown while 
-type, As-doped, 1016 cm-3 epilayers were grown. 
deposition (ALD) at 200oC, followed by a forming gas anneal (FGA) at 400oC. F
+ amorphous silicon 
(i/n+ a-Si). A nano-second pulse laser is used to define the area of detachment. The wafer is then bonded 
using a transparent glue to a quartz carrier. During ultrasonication, the epifoils detach from the parent 
substrate. The residual low porosity layer is removed using a wet etchant. The rear-side is then passivated 
with i/n+ a-Si. 
the WT-2000 Multifunction Wafer Mapping Tool from Semilab Co. Ltd. 
(Budapest, Hungary) is used to measure the effective epilayer lifetime using μ-PCD. This results in 
lifetime maps with a lateral resolution of 1-2 mm2. A 904 nm-wavelength laser is used to excite the 
wafers and changes in microwave reflectivity at a frequency of 10.315 GHz are used to deduce the 
effective lifetime. On the same wafers, steady-state PL measurements are performed using the LIS-R1  
PL imaging tool from BT Imaging (Surry Hills, NSW, Australia) with a 808 nm laser at a constant photon 
flux of 2.5×1017 cm-2. -R1 tool is also used for QSSPC measurements in 
conjunction with PL mapping, such that the epifoils are illuminated through the quartz. The optical 
absorption losses in the quartz, glue and amorphous silicon stack is negligible [9] and hence neglected in 
the analysis. 
2.3. Decoupling bulk lifetime and surface recombination velocities 
μ-PCD and QSSPC measurements yield effective epilayer lifetimes, eff, from which the bulk epilayer 
lifetime, bulk, and the sum of effective front surface (Sfr) and effective interface (Sint) recombination 
velocities, Stot (= Sfr + Sint) must be extracted in order to know the dominant recombination pathway. To 
this end, all experiments in this work involve a variation in the thickness of the epilayer, depi, in different 
samples such that these parameters can be extracted by fitting the measured data to eq. (1). 
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 (1) 
where D is the minority carrier diffusion coefficient, which accounts for the fact that bulk-generated 
minority carriers that recombine at the surfaces must first diffuse there. For thin layers with reasonably 
well-passivated surfaces, a simplified linear fit of the plot of eff versus 1/depi may also be done, ignoring 
the diffusion component. From such plots, the bulk lifetime can be obtained via eff intercept, and the 
sum of the effective surface recombination velocities via the slope of the best-fit linear line through the 
measurement data. A drawback of using this method for very thin epilayers is that the extractions are 
normally not very sensitive to the precise value of bulk for moderate to high surface recombination 
velocities. However, this method is very reliable for the extraction of Stot. 
 precise total surface recombination velocity (Stot) obtained from the above 
method can then be applied in a numerical model using PC1D to calculate the ratio of PL intensities 
between samples of two different epilayer thicknesses, as explained in detail in [7], [8], i.e. 
  (2) 
where  is the excess carrier density profile obtained from numerical simulations and the 
subscripts 1 and 2 represent two thicknesses. When this is done for various values of bulk, a calibration 
curve (PL ratio vs. bulk) is obtained. An experimentally measured PL intensity ratio can then be compared 
to calculated values in the chart to read off the corresponding bulk. This method is complementary to the 
fitting method described earlier since this is insensitive to the precise value of Stot if Stot < 103 cm/s. 
3. Lifetime measurements and analysis 
3.1. Lifetime measurements on attached epilayers 
A typical effective lifetime map obtained from μ-PCD measurements is shown in Fig. 2(a). The region 
of ~8.5×8.5 cm2 area in the middle of the wafer with a lower effective lifetime corresponds to an area 
with embedded porous silicon, while the area outside this region has an epilayer grown on pristine silicon. 
Despite the fact that a 1 μm-thick back surface field is somewhat protecting the minority carriers in the 
epilayer from the highly recombinative epilayer/porous silicon interface, the overall lifetime is generally 
lower in this region. The median of the effective lifetime distributions in these maps, both in areas with 
and without porous silicon, and for different epilayer thicknesses are plotted as a reciprocal effective 
lifetime versus reciprocal epilayer thickness plot, as shown in Fig. 2(b). 
Best fit lines through the two sets of data show an extremely good linear fit for both cases. As 
mentioned in Section 2.3, precise values of the total effective surface recombination velocity (Stot) can be 
obtained with this method from the slope of the best-fit lines. As expected Stot is much higher in the 
presence of porous silicon (Stot = 775 cm/s) compared to that without porous silicon (Stot = 265 cm/s), 
despite the protection from the relatively thin BSF. In the case of porous silicon that is unshielded by a 
BSF, Stot is ~9220 cm/s, which is an order of magnitude higher than the interface that is BSF-shielded. 
Furthermore, in the case without porous silicon, the vertical intercept yields a bulk lifetime of ~132 μs 
while in the case with porous silicon, the much higher Stot makes the extraction of the bulk lifetime from 
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these measurements impossible and unreliable. This can be seen from the fact that the fit corresponding to
porous silicon in Fig. 2(b) intercepts the vertical axis at negative and therefore unphysical values.
Fig. 2. (a) An effective lifetime map obtained from μ-PCD measurements on a 40 μm-thick epilayer with a 1 μm-thick epitaxially 
grown BSF, showing a central region of ~8.5×8.5 cm2 area of embedded porous silicon; (b) a scatter plot of reciprocal effective
lifetimes, in both areas with and without porous silicon, for different reciprocal epilayer thicknesses. The individual points are
obtained from the median of the effective lifetime distributions computed from μ-PCD lifetime maps such as (a).
Fig. 3. Calibration chart of PL intensity ratio versus bulk lifetime corresponding to Stot = 265 cm/s and 775 cm/s, extracted from
Fig. 2(b). The ratios are calculated for epilayers of two different thicknesses of 25 and 50 μm. The experimental ratios intersecting
the respective calibration curves to yield a bulk lifetime are also depicted.
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Therefore, for the case of porous silicon, the complementary method of simulation-assisted 
photoluminescence (sim-PL) is used to find a value for the bulk lifetime. Fig. 3 shows two calibration 
curves (obtained from numerical simulations) corresponding to the two Stot values extracted from Fig. 
2(b), namely 265 cm/s and 775 cm/s. The PL intensity ratios have been calculated for the pair of 25 and 
50 μm thick epilayers. It is clear that both calibration curves more or less coincide despite the fact that 
they have been calculated for different Stot values. The experimentally obtained values for the PL intensity 
ratios for the area with porous silicon protected by a BSF and the area without porous silicon are 1.931 
and 1.932 respectively. This corresponds to a bulk lifetime of ~160 μs and ~180 μs respectively. The 
latter differs from the ~132 μs obtained from Fig. 2(b), however, this is still in the same order of 
magnitude and the difference could probably be due to the different injection levels at which the two 
measurements were made. Although it is difficult to pin point an injection level for the different 
measurement methods, an approximate range can be specified. For μ-PCD measurements, assuming 
lifetime is evaluated approximately after a time period equal to the measured lifetime after illumination, 
an effective injection level of ~5×1016-1017 cm-3 is expected for these samples. For sim-PL measurements, 
from numerical modeling, an injection level of ~5×1014-1015 cm-3 is expected for these samples. This 
injection level difference can explain the discrepancy in the bulk lifetimes obtained using the two 
different methods. 
3.2. Lifetime measurements on detached epifoils 
measurement itself. Starting with a large batch of samples, due to yield loss issues at various process 
steps, only few survive at the end of the process sequence. Two such 6.5×6.5 cm2 samples of different 
epilayer thicknesses were measured using QSSPC and the injection level-dependent effective lifetimes 
are plotted in Fig. 4 (b). QSSPC-calibrated PL maps can also be obtained as shown in Fig. 4(a), which 
shows rather uniform passivation in the central areas of the epifoil. 
 
 
Fig. 4. (a) A calibrated PL image of one of the samples (scale in μs). (b) Plot of the injection-level dependent effective lifetime 
obtained using QSSPC for two different epilayer thicknesses of 40 and 50 μm. 
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-passivated, resulting in a much higher effective lifetime. 
-type doping with a similar doping 
concentration compared to the p- -
Read-Hall (SRH) hole lifetimes to electron lifetimes is high in the presence of metal impurities [10] and 
crystal defects such as dislocations [11] and stacking faults. A similar observation has also been made 
about wafer surface recombination where again n-type silicon seems to be better [11]. Predominant 
crystal defects in epilayers grown on reorganised porous silicon are stacking faults and dislocations. 
Typically, the defect density (calculated by counting the etch pits after defect etching using a Wright etch 
solution) in such epilayers is in the order 103-104 cm-3 [12]. Moreover, it was shown in [8] that there is 
trace amounts of metals intrinsically present in heavily-doped p+ substrates. These, together with the fact 
that the substrate comes into contact with a stainless steel chuck during electrochemical etching of porous 
silicon, point to the fact that n-type epilayers should have higher lifetime compared to p-type epilayers. 
Thus, the higher effective lifetimes measured on n-  are not surprising. 
However, decoupling bulk and surface recombination contributions to the effective lifetime is made 
more difficult by the fact that the bulk lifetime is likely to be much higher in these samples, despite the 
much lower surface recombination, which means that the precise value for the bulk lifetime cannot be 
extracted reliably, as before. However, in the asymptotic limit that the surface recombination velocity 
goes to zero, then the minimum bulk lifetime can equated to the effective lifetime itself. Thus, at the 
injection level of 1015 cm-3, the minimum bulk lifetime in these samples are ~111 μs and ~138 μs. As 
discussed above, this is likely to be much higher than that of the p-type epilayers. 
4. Conclusions 
Measurement methodologies for effective 
 Challenges associated with decoupling the bulk and surface 
recombination components of effective lifetime were discussed. -PCD and 
sim-PL were used because of the constraints attributed to the presence of the heavily-doped p+ substrate. 
. Comparisons between the 
methods and between the samples were given. Considering the injection level at which different 
measurements were made and the doping type of the different samples, it is reasonable to believe that the 
measurement methodologies presented are reliable in measuring the quality of the epilayers either in 
attached or detached form. 
It was shown that high bulk lifetime values exceeding 100 μs can be achieved both in p-type and n-
type epilayers. This translates into bulk diffusion lengths that are more than an order of magnitude larger 
than the thickness of the epifoils, which will lead to highly-efficient solar cells on thin epilayers, provided 
the surface passivation is also excellent. Lifetime measurements on an epilayer, for instance by μ-PCD, 
both before and after detachment would indeed be interesting to understand the impact of the bonding and 
detachment process on lifetime, and consequently the evolution of minority carrier lifetime throughout 
the processing sequence. 
A summary of the type of samples measured (attached and detached; n-type and p-type), the 
techniques used (μ-PCD, sim-PL, QSSPC) and the bulk lifetimes and total effective surface 
recombination velocities obtained is listed in Table 2 below. 
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Table 2. Summary of all lifetime measurement results from this work 
Type Doping Method bulk (μs) Stot (cm/s) 
Attached epilayers p-type, B, 1016 cm-3 μ-PCD, sim-PL ~160 9220 (no BSF) ; 775 (with BSF) 
Detached epifoils n-type, As, 1016 cm-3 QSSPC, PL > 138 N.A. 
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